In seasonally breeding, photoperiodic birds, the development of photorefractoriness is associated with decreased brain expression of gonadotropin-releasing hormone-like immunoreactivity (GnRH-li ir) and increased expression of vasoactive intestinal polypeptide-like immunoreactivity (VIP-li ir). Dissipation of photorefractoriness and reestablishment of photosensitivity are associated with increased GnRH-li ir brain production, but concurrent changes in VIP-li ir expression have not been investigated. To address this question, we compared the expression of VIP-li ir in the infundibulum (INF) of adult male dark-eyed juncos (Junco hyemalis) that were made photorefractory (PR) by prolonged exposure to long days with that of birds that were not photostimulated (PS), but had regained photosensitivity by exposure to short days for 5 (short-term-PS, ST-PS) or 13 (long-term-PS, LT-PS) consecutive months. Photosensitive males had smaller INF VIP-li ir cell bodies than PR males, but the numbers of INF VIP-li ir cells were independent of photoperiodic condition. Changes in infundibular VIP-li ir were correlated with changes in preoptic area (POA) GnRH-li expression. Specifically, photosensitive males had more and larger POA GnRH-li ir cells and more GnRH-li ir fibers in this region than PR males. Further, LT-PS males had more GnRH-li ir POA fibers and larger testes than ST-PS juncos. Thus, induction of photorefractoriness is associated with increased VIP and decreased GnRH brain expression whereas dissipation of photorefractoriness concurs with decreased VIP and increased GnRH brain expression. These results suggest a physiological role for VIP in the control of changes in GnRH expression as a function of the photosensitive condition.
lates the release of hypothalamic gonadotropinreleasing hormone (GnRH) and pituitary-luteinizing hormone (LH) and follicle-stimulating hormone (FSH; Lewis and Farner, 1973; Wingfield et al., 1980; Dawson and Goldsmith, 1983; Fehrer et al., 1985; Wilson, 1985; Foster et al., 1987; McNaughton et al., 1995; Meddle and Follett, 1997) . These hormones in turn induce gonadal development and the secretion of gonadal hormones that control many behavioral changes associated with the breeding period as well as the development of secondary sexual characteristics (Balthazart et al., 1979; Silverin and Viebke, 1994) .
In most photoperiodic species, breeding is followed by a photorefractory period. At this time, reproductive activities are curtailed although photoperiod remains well in excess of the vernal threshold for stimulation. The insensitivity to previously stimulating photoperiod that defines photorefractoriness is independent of ocular and pineal inputs (Wilson, 1990 (Wilson, , 1991 and is believed to originate centrally (for review, see Nicholls et al., 1988; Juss, 1993) . Photorefractoriness is associated with decreased GnRH production and circulating LH levels, rapid gonadal involution, and molt (Wingfield et al., 1980; Foster et al., 1987; Kubokawa et al., 1994; Hahn and Ball, 1995; Parry et al., 1997; Cho et al., 1998) . In European starlings (Sturnus vulgaris), the onset of photorefractoriness is accompanied with decreased hypothalamic expression of the GnRH precursor peptide, proGnRH-GAP (Parry et al., 1997) . This decrease, which precedes a change in hypothalamic GnRH immunostaining, indicates that photorefractoriness results from a reduction in GnRH synthesis rather than release of this peptide at the median eminence level. In most species, photorefractoriness can be alleviated, i.e., photosensitivity can be restored, only by exposure to short days (SD) as would naturally occur during the fall and winter (Nicholls et al., 1988; Wilson, 1992) . Restoration of photosensitivity in adults (Dawson et al., 1986; Dawson and Goldsmith, 1997) , as well as acquisition of photosensitivity in juvenile birds (Goldsmith et al., 1989) , is associated with an increased production of hypothalamic GnRH.
Photoinduced changes in the activity of the hypothalamo-pituitary-gonadal axis are accompanied by alterations of the secretion of the anterior pituitary hormone, prolactin. As is the case for LH, the secretion of prolactin is photoinduced (Dawson and Goldsmith, 1983; Mauro et al., 1992; Silverin and Goldsmith, 1997; Sreekumar and Sharp, 1998 ; for review, see Sharp et al., 1998) . Photoinduced high circulating prolactin concentrations are reached during the development of photorefractoriness, when gonads are regressing (Dawson and Goldsmith, 1983; Dawson, 1997; Dawson and Sharp, 1998) . Prolactin is not thought to control the transition from photosensitivity to photorefractoriness (Nicholls et al., 1988; Juss, 1993; Dawson and Sharp, 1998) , but it participates in the rapid collapse of the reproductive system that characterizes photorefractoriness by inhibiting the hypothalamo-pituitary-gonadal axis at multiple levels (Buntin and Tesch, 1985; Janik and Buntin, 1985; Sharp et al., 1998) .
Pituitary prolactin synthesis and release in birds are regulated primarily by vasoactive intestinal polypeptide (VIP; Cloues et al., 1990; Mauro et al., 1992; El Halawani et al., 1995; Youngren et al., 1994) . A role for VIP in the reproductive system regression that occurs at the onset of photorefractoriness is suggested by the fact that male European starlings that have been actively immunized against VIP exhibit slower photoinduced regression than control males and do not molt . In addition, brain expression of GnRH and VIP change in opposite directions when birds become photorefractory. Specifically, preoptic area (POA) GnRH and infundibular VIP are lower and higher, respectively, in photorefractory than in photosensitive male dark-eyed juncos (Saldanha et al., 1994) .
The present investigation determined whether an inverse relationship between brain GnRH and VIP expressions also exists as birds regain photosensitivity. We hypothesized that initially photorefractory male juncos exposed to SD would regain photosensitivity and restoration of photosensitivity would concur with increased brain GnRH expression and with decreased VIP expression. Our results support the idea that VIP participates in the neuroendocrine changes that take place when birds become photorefractory as well as when photorefractoriness is dissipated.
MATERIALS AND METHODS
Hatching-year male dark-eyed juncos were caught from the local population in Fairbanks, Alaska (65°N, 148°W) in the fall of 1993 and transferred to the To confirm that the ST-PS group was photosensitive when sacrificed, a fourth group (photostimulated group; CONT-PS; n ϭ 7) was treated as the ST-PS group until October 20, 1994. On this date (D0), CONT-PS males were transferred to LD (20 L:4 D) for 22 days and then sacrificed. One day before this transfer (D Ϫ 1) as well as approximately every 4 days thereafter, we measured the cloacal protuberance (CP, an androgen-sensitive secondary sexual characteristic: Schwabl and Farner, 1989; Deviche, 1995) width of these males to the nearest 0.1 mm with calipers. In free-living male juncos, seasonal changes in CP size correlate with changes in testis mass (Deviche et al., 1998) and we, therefore, predicted an increase in CP width following transfer from SD to LD. To determine whether the ST-PS, CONT-PS, and PR groups became photorefractory after exposure to LD starting in January, we examined them weekly for signs of body molt, starting March 3, 1994. Brains from the CONT-PS juncos are not included in the present study. While in captivity, all birds were at room temperature and received ad libitum food (Purina finch chow) and tap water supplemented with soluble vitamin (Avicon, Vet-A-Mix). The experimental design is summarized in Fig. 1 .
At the time of sacrifice, all subjects were euthanized with an overdose of anesthetic (ketamine/xylazine solution) and perfused transcardially with 0.3 ml of heparin solution (1000 IU/ml) immediately followed with 25 ml of 0.1 M phosphate buffer (PB) and 30 ml of freshly prepared 4% paraformaldehyde solution in PB. Testes were excised and placed into 0.9% saline solution. The testicular sizes of ST-PS, LT-PS, and PR males were estimated visually without knowledge of the experimental treatment. Testes collected from CONT-PS juncos were weighed to the nearest milligram. The top of the cranium was removed and the heads were postfixed in situ for 24 h at 4°C. Brains were then dissected out and stored at 4°C in 0.1 M PB containing 0.1% sodium azide until further processed. All experimental procedures were approved by The University of Alaska Fairbanks Institutional Animal Care and Use Committee.
Tissue preparation and immunocytochemistry. Brains were individually embedded in a block of gelatin (8% gelatin following a coat of 4% gelatin). Blocks were allowed to harden at 4°C for 2-4 h and then immersed in 4% paraformaldehyde solution for 48 h at 4°C in preparation for sectioning. Coronal sections (50 µm) were cut on a vibratome from the level of the anterior parolfactory lobe to the appearance of the fourth nerve. Alternate sections were processed immunocytochemically with polyclonal antibodies raised against either GnRH (LR-1; gift of R. Benoit) or VIP (Incstar, Stillwater, MN) following a previously published and validated protocol (Saldanha et al., 1994) . Studies using avian species other than juncos found that the LR-1 anti-GnRH antibody recognizes brain GnRH-I, but not GnRH-II (Silver et al., 1992; Silverman et al., 1994) . Specifically, preoptic area GnRH neurons did not stain following preabsorption with GnRH-I, but were unaffected by preabsorption with GnRH-II. Furthermore, omission of the primary antiserum resulted in the absence of any reaction product.
Sections were serially exposed to 0.05% H 2 O 2 , 10% normal goat serum, primary antibody (dilution: 1:40,000 (anti-GnRH) or 1:10,000 (anti-VIP); 48 h at 4°C), 1:250 biotinylated goat anti-rabbit IgG, 1:200 avidin-biotin (Vectastain), and 0.04% diaminobenzidine activated with 0.001% H 2 O 2 . All sera were prepared in 0.3% Triton X-100 in 0.1 M PB, and three 15-min washes in 0.1% Triton X-100 in PB were performed between all incubations except immediately prior to incubation in the primary antibody solution. Following processing, sections were mounted onto gelatin-coated microscope slides, dried, dehydrated by immersion into alcohol solutions (70, 95, 95, and 100%) , cleared, and coverslipped in preparation for study with a light microscope. To control for variations in processing, each immunocytochemical run included sections from one junco belonging to each experimental group.
Data collection and statistical analysis. Expression of GnRH in the POA was ascertained via the measurement of (a) GnRH soma number, (b) GnRH somal area, and (c) GnRH fiber number. The total number of GnRH-positive soma was counted in five alternate sections through the extent of the POA, from its rostral aspect, where the tractus septomesencephalicus extends to the ventral surface of the brain, and extending caudally to the region where the third ventricle is enlarged (Stokes et al., 1974; Saldanha et al., 1994) . Only soma with detectable nuclei were included in the analysis. The somal area of 50-75 neurons (approximately 10-15 per section) was measured using NIH Image Analysis software. The number of immunoreactive fibers in a section in the middle of the POA was quantified using the method of Shivers et al. (1983) . Briefly, the section was aligned under high magnification and overlaid with an ocular grid and the number of intersections of immunoreactive fibers with grid segments was used as an estimate of immunoreactive fiber numbers.
VIP expression in the infundibulum (INF) was also evaluated by measurement of the number of immunoreactive soma and somal area, using the methods described for GnRH (vide supra). The number of VIPpositive soma was counted in six to eight alternate sections through the entire INF. All the neuroanatomical data were collected by an investigator who was not aware of the experimental condition of the animals to minimize potential biases in data analysis.
Neuron numbers and sizes and fiber numbers were compared across groups using analysis of variance (ANOVA) with photosensitive condition as the main variable. Post hoc Fisher least significance difference tests were used to determine specific differences between groups. For the neuron size measures, the mean cell area was computed for each bird and individual means were compared across groups. Changes in CP sizes over time in CONT-PS birds were analyzed using one-way ANOVA for repeated measures. CP sizes after transfer of these birds to LD were compared to prestimulation sizes using Dunnett's method tests. Statistical significance level was in all cases set at ␣ ϭ 0.05.
3, 1994, and the remaining 2 males started to molt within the following few weeks, suggesting that they became photorefractory. Thirteen males had completed molt 1 day before transfer of ST-PS and CONT-PS groups from LD to SD on May 6.
The CP widths of CONT-PS juncos gradually increased after transfer from 8 L:16 D to 20 L:4 D. A statistical difference between pre-and poststimulation sizes was reached after 14 days of exposure to LD (Fig.  2) . When sacrificed, these males also had partially developed testes (mean Ϯ sd: 112 Ϯ 75 mg) whereas birds belonging to the three other groups had small testis sizes (median testis length: Ͻ0.5 mm; maximum: 2 mm). Thus, ST-PS (and, by extension, also LT-PS) groups were photosensitive when sacrificed. Although testis lengths were small in PR, ST-PS, and LT-PS juncos, these groups differed (Kruskall-Wallis oneway ANOVA on ranks: P Ͻ 0.001). All PR and ST-PS males had testis lengths not exceeding 0.5 mm, but LT-PS males had slightly larger testes (median and interquartile interval: 1 mm (1-1.38 mm); StudentNewman-Keuls test comparisons with PR and ST-PS groups: P Ͻ 0.05).
GnRH expression. The junco hypothalamus contains numerous GnRH-expressing neurons and fibers scattered through the anterior-posterior extent of the diencephalon. Most of the neuronal staining is observed close to the midline, but some dispersed perikarya are seen more laterally. GnRH-like immunoreactive (GnRH-li ir) somas were observed in the preoptic area, nucleus of the lateral hypothalamus, paraventricular nucleus of the hypothalamus, periventricular nucleus, and the nucleus of the pallial commissure. GnRH-li ir fibers were observed at all the above loci as well as in the lateral septum (SL), infundibulum, and median eminence (ME). Since previous work on juncos had identified changes in GnRH-li ir in the POA as a function of photoperiodic condition (Saldanha et al., 1994) , we quantified immunoproduct only in this area.
GnRH expression across photosensitive states. Experimental groups differed with respect to POA GnRH-li ir neuron (ANOVA: F 2,14 ϭ 10.06, P ϭ 0.003) and fiber (id: P ϭ 0.0001) numbers as well as neuronal areas (id: P ϭ 0.0001; Fig. 3 ). PR males had fewer immunostained perikarya and fibers and smaller neuron areas than ST-and LT-PS males (Fig. 4) . Although not quantified, the intensity of staining was noticeably lighter in cells and fibers of PR than in those of photosensitive birds. The two photosensitive groups had similar numbers of POA GnRH-li ir neurons and soma sizes. However, LT-PS males had more immunopositive fibers than ST-PS males.
VIP expression. The expression of VIP is surprisingly sparse in the junco diencephalon. Although ir fibers course along the midline toward the ME, VIP-li ir soma are observed only in the infundibulum (Fig. 5) . These cells are numerous and clustered around the third ventricle. Another group of VIP-li ir cells is seen more rostrally within the telencephalic SL. Since changes in VIP-li ir have been described across photosensitive states in the infundibular, but not the septal, group of VIP neurons (Saldanha et al., 1994) , we measured ir signal only in the infundibulum.
VIP expression across photosensitive states. The numbers of INF VIP-li ir cells did not differ among groups (Fig. 6 ), but there were differences in soma sizes (ANOVA: F 2,14 ϭ 28.00, P ϭ 0.0001). PR birds had larger VIP-li ir soma than ST-or LT-PS groups. There was no difference between ST-and LT-PS males (Fig. 6) .
DISCUSSION
Previous studies on birds identified marked changes in POA GnRH synthesis (Parry et al., 1997) and content (Dawson et al., 1986; Millam et al., 1995; Dawson and Goldsmith, 1997) as a function of the reproductive condition. Generally, birds that are undergoing gonadal regression or are photorefractory have less hypothalamic GnRH than do photosensitive subjects (Foster et al., 1987; Saldanha et al., 1994; Cho et al., 1998) . The present investigation confirms and extends these findings. Photosensitive males were exposed to LD until they became photorefractory, as indicated by body molt (Nicholls et al., 1988; Dawson, 1997) . At this point, they were either held on LD to maintain refractoriness or transferred to SD to restore photosensitivity and then sacrificed. Restoration of photosensitive condition in ST-PS males at the time of sacrifice was confirmed by the results obtained for CONT-PS males. As expected, the reproductive system (testis sizes, cloacal protuberance widths) of these males recrudesced within weeks of photostimulation. The results demonstrate that restoration of photosensitivity correlates with an increased number and size of GnRHcontaining neurons as well as with increased GnRHcontaining nerve fiber numbers in the POA. These   FIG. 3 . Gonadotropin-releasing hormone-like immunoreactive neuron numbers, neuronal soma areas, and fiber numbers (means ϩ standard deviations) in the preoptic area of photorefractory (PR), short-term photosensitive (ST-PS), and long-term photosensitive (LT-PS) adult male dark-eyed juncos (n ϭ 5/group). For a given parameter, columns with a different superscript letter differ statistically (P Ͻ 0.05, Fisher least significant difference test).
FIG. 4.
Photomicrographs depicting the distribution of gonadotropin-releasing hormone-like immunoreactivity in the preoptic area of photorefractory (A), short-term photosensitive (B), and long-term photosensitive (C) adult male dark-eyed juncos. All photomicrographs are taken at the same magnification. V, third ventricle.
Copyright 2000 by Academic Press changes took place in birds held on SD and, therefore, did not require photostimulation. Similarly, Dawson and Goldsmith (1997) found that POA GnRH concentration increases after transfer of LD-exposed photorefractory European starlings to SD. It is unknown how long photorefractory juncos must be exposed to SD for hypothalamic GnRH expression to increase. It is likely that considerably less than the 5 months used in this study is necessary because GnRH levels in hypothalami of starlings were elevated after transfer from LD to SD for as little as 10 days (Dawson and Goldsmith, 1997) .
Photorefractory and photosensitive SD-exposed juncos have an inactive pituitary-gonadal axis (but see below) as assessed by plasma LH concentrations and gonadal sizes (Saldanha et al., 1994) . These birds, however, differ in that photosensitive birds have more hypothalamic GnRH than photorefractory birds. Inactivity of the pituitary-gonadal axis in photosensitive, but nonphotostimulated, birds presumably results from a lack of release rather than synthesis of the peptide and dissipation of photorefractoriness in juncos, as in other species (Dawson and Goldsmith, 1997) , is therefore probably associated with increased production without concurrent release of GnRH. It should, however, be noted that photosensitive males that were exposed to SD for 5 months had similar POA GnRHcontaining neuron numbers and sizes, but fewer GnRH-li ir nerve fibers and smaller testes than males exposed to SD for 13 consecutive months. Thus, prolonged (i.e., more than 5 months) exposure to SD may have been associated with some release of GnRH that induced a modest, but detectable activation of the pituitary-gonadal axis. Other investigations support the hypothesis that changes in hypothalamo-pituitarygonadal axis activity can occur in SD-exposed birds that are regaining or have regained photosensitivity. For example, pituitary stores of FSH in starlings increase after prolonged exposure to SD, indicating a release of GnRH from the median eminence (Dawson et al., 1986) . Further, several species show a subtle, but real pituitary-gonadal axis stimulation when regaining photosensitivity under SD (canary, Serinus canarius, Nicholls and Storey, 1976; rook, Corvus frugilegus, Lincoln et al., 1980; European starling, Dawson, 1983) . Finally, dissipation of photorefractoriness is a progressive rather than an all-or-none process (Boulakoud and Goldsmith, 1995; Dawson and Goldsmith, 1997) . For example, initially photorefractory Harris' sparrows (Zonotrichia querula) require 13 weeks of SD exposure to achieve full photosensitivity (Wilson, 1992) as measured by testicular growth rate after transfer to LD. Similarly, in castrated male Japanese quail (Coturnix coturnix japonica), 5 weeks of SD exposure are necessary to fully restore LH response to photostimulation (Follett and Pearce-Kelly, 1990) . Although juncos exposed to SD for 5 months were photosensitive, complete dissipation of photorefractoriness in this species may require additional time.
In turkeys (Meleagris gallopavo; Mauro et al., 1992 ) and dark-eyed juncos (Saldanha et al., 1994) development of photorefractoriness is associated with high hypothalamic VIP expression. The present study extends these findings, demonstrating that reestablishment of photosensitivity is associated with decreased area of infundibular VIP-containing neurons, but no change in numbers of detectable neurons. In contrast, juncos that were refractory as a result of prolonged LD exposure had more VIP-li ir neurons than photosensitive birds that were or were not photostimulated (Saldanha et al., 1994) . Further research is necessary before it can be concluded with certainty that the changes in VIP-containing neuron characteristics that occur as a function of the photoperiodic condition represent alterations of the peptide synthesis. Nevertheless, the results suggest that brain GnRH and VIP expressions change in opposite directions when birds
FIG. 6.
Vasoactive intestinal polypeptide-like immunoreactive neuron numbers and neuronal soma areas (means ϩ standard deviations) in the infundibulum of photorefractory (PR), short-term photosensitive (ST-PS), and long-term photosensitive (LT-PS) adult male dark-eyed juncos (n ϭ 5/group). For a given parameter, columns with a different superscript letter differ statistically (P Ͻ 0.05, Fisher least significant difference test). become photorefractory as well as when they regain photosensitivity.
VIP is the main hypothalamic neuropeptide controlling prolactin release in birds (Lea et al., 1991; El Halawani et al., 1995) . Plasma concentrations of prolactin are low in photosensitive birds kept on SD, increase during photostimulation, and are highest at the onset of photorefractoriness (Goldsmith, 1985; Nicholls et al., 1988; Dawson, 1997) . This hormone inhibits the reproductive system (Buntin and Tesch, 1985; Janik and Buntin, 1985; Juss, 1993) . Thus, elevated circulating prolactin concentrations when birds become photorefractory and shortly thereafter probably contribute to the rapid involution of reproductive tissues that takes place at this time . VIP may, therefore, participate in the inactivation of the hypothalamo-pituitary-gonadal axis that characterizes the onset of photorefractoriness indirectly by stimulating prolactin secretion.
VIP receptors are present in various diencephalic regions of the pigeon (Columba livia) brain including areas rich in GnRH cells and fibers such as the lateral septum, POA, and median eminence (Hof et al., 1991) . Further, there is a close association between VIPexpressing terminals and GnRH-expressing dendrites in the lateral septum of this species (Kiyoshi et al., 1998) . A similar association between VIP-li ir axons, VIP receptors, and GnRH-li ir dendrites may exist in the junco as suggested by previous studies on this species showing an overlap between VIP-and GnRHexpressing elements in the septum and POA (Saldanha et al., 1994) . This association may underlie a mechanism whereby elevated VIP may inhibit GnRH during photorefractoriness, and a decrease in this inhibition may permit hypothalamo-pituitary-gonadal axis activity during the reestablishment of photosensitivity.
Low infundibular VIP content in birds that have regained photosensitivity as a result of SD exposure may also be of physiological significance when these birds are exposed to LD. When transferred from SD to LD, photosensitive birds can respond by a rapid (within 1 day) activation of their hypothalamohypophyseal system including GnRH release (Perera and Follett, 1992) and elevated plasma LH levels (Follett et al., 1975; Meddle and Follett, 1997) . The rapid transduction of photic information into a neuroendocrine response may be facilitated by the fact that hypothalamic VIP content is then relatively low.
In conclusion, it appears that VIP may have an important role in the regulation of seasonal cycles and may be part of the neuroendocrine processes that mediate transition from one condition of photosensitivity to another. Further research is warranted to identify and localize avian brain VIP receptors in photoperiodic species and to define the mechanism responsible for the anti-gonadotropic activity of this neuropeptide in birds. Additional research is also necessary to evaluate the functional relationships between GnRH and VIP at different stages of the reproductive cycle.
